Introduction
Tropical soil studies by means of remote sensing data have contributed to understanding the soil cover to spatialize the study area variability (Baptista et al., 2011) .
One of the most effective approaches in the use of sensor data is a spatialization of mineralogical relations -especially in a clay fraction, in relation to iron oxides and hydroxides -, by which the multispectral systems allow of this kind of analysis (Madeira Netto, 1993; Lagacherie et al., 2008; Genú & Demattê, 2011; Sousa Junior et al., 2011; Gerighausen et al., 2012) , and by means of hyperspectral systems (Baptista et al., 2011) .
This clay fraction is represented mainly by iron oxides (hematite and goethite), aluminum oxides (gibbsite), and clay minerals 1:1 group (kaolinite) present mainly in the Oxisols (Schaefer et al., 2008) .
The hematite/goethite mineralogical relation can be studied with remote sensing data, both multiand hyperspectral ones, that seek to spatialize the pedohydric character of an area, characterizing it as oxidation or oxidation of Fe +3 (Inda Junior & Kämpf, 2005; Camargo et al., 2008 Camargo et al., , 2014 Correa et al., 2008;  Pesq. agropec. bras., Brasília, v.52, n.12, p.1192-1202, dez. 2017 DOI: 10.1590/S0100-204X2017001200008 Reatto et al., 2008; Sousa Junior et al., 2008; Barbosa et al., 2009; Campos et al., 2010; Baptista et al., 2011; Silva Junior et al., 2012) . According to Dalmolin et al. (2005) , iron oxides have typical absorption features in the region around 0.9 μm, which are more intense when the iron content is higher. Although the visible region is the most important for iron color visualization in iron oxides, other absorption characteristics can be used in other portions of the spectrum for the quantification of iron oxides.
However, as stated by Ahmad et al. (2016) , typical absorption features from the presence of Fe +3 ions can be found between 0.4 to 0.9 μm, more specifically in 0.48 μm for goethite, and 0.53 μm for hematite (Sherman & Waite, 1985) .
Nowadays, sensor systems have become increasingly specialized in different bands of the electromagnetic spectrum with improvements for various resolutions. The WorldView-2 is a high-resolution sensor that has stood out because it offers 8 bands covering the band of visible and near infrared, besides pixels with spatial resolution of the order of 50 cm, with 11 bits of radiometric resolution. In addition to a new coastal blue band (0.4-0.45 μm), developed for aquatic ecosystems studies, it has a band in yellow (0.585-0.625 μm), and one in the red border (0.705-0.745 μm), both for biophysical vegetation studies (Mutanga et al., 2012; Consoli & Vanella, 2014; Rapinel et al., 2014; Kokaly & Skidmore, 2015; Marshall & Thenkabail, 2015; Hugue et al., 2016) .
The objective of this work was to simulate the bands of the WorldView-2 sensor from laboratory specters, in order to study its potential to detect iron oxides, besides proposing a spectral index based on the depth of the spectral feature (RHGt Pf ).
Materials and Methods
The spectra of 50 samples of Oxisols (A and B horizons with different depths), used in the present work, were extracted from Madeira Netto (1993) , in order to analyze the spectral indexes denominated ferric index (IFe) and hematite index (IHm) adapted for the sensor WorldView-2. From the Madeira Netto (1993) data, six spectra of Gleissoles (Table 1) were suppressed.
The spectra were resampled to the bands for the WorldView-2 and the Landsat-TM5 sensors (Table 2) , using the ENVI 5.1 software, and their indices were adapted for the WorldView-2 bands, in order to analyze their potential for the detection of mineralogical parameters of soils, more specifically the minerals hematite and goethite. The simulation procedure adopted for sensor systems is based on the detector response functions of each sensor band, and it uses the same calculation procedure presented by Madeira Netto (1993) .
The ferric index adapted for the WorldView-2 simulated bands, here called IFe (WVII), which correlates with the Hm / (Hm + Gt) ratio, was tested using two band combinations, one with simulated red bands (simulated WorldView band 5 -SWV5) and green (simulated WorldView band 3 -SWV3), and the other using the bands of yellow (simulated WorldView band 4 -SWV4) and green (SWV3) bands. The result of this index was statistically compared to the same ferric index adapted for the simulated bands, called by Madeira Netto (1993) as IFe (STM), using Landsat-TM5 resampled bands.
The hematite index adapted for the WorldView-2 simulated bands, here called IHm (WVII), which, according to Madeira Netto (1993) , represents the percentage of hematite in the sample, was also adapted using two combinations of bands: one with the red (SWV5), blue (simulated WorldView band 2 -SWV2), and green (SWV3) bands, and another with yellow (SWV4), blue (SWV2), and green (SWV3) bands. These results were statistically compared to the IHM (TM5) proposed by Madeira Netto (1993) .
In the resampled spectral bands for the WorldView-2, when the spectral continuum is removed (Figure 1 A), the spectral features of goethite (0.48 μm) and hematite (0.53 μm) are evidenced; this discretion is not possible when the Landsat-TM5 data are used (Figure 1 B) . This discretion becomes possible in the presence of the new bands, mainly the coastal blue (0.442 μm) and yellow (0.622 μm) ones, which allows of the differentiation of one feature from the other. It is also noted that the removal of the spectral continuum generates normalized reflectance values between 0 and 1, which enables the comparison of individual absorption features of the minerals from a common base value (Kokaly & Skidmore, 2015) .
In addition, as shown in several studies (Madeira Netto, 1993; Baptista et al., 2011; Vivaldi et al, 2013) , the spectral feature depth has a linear relationship with the content material that generates the feature and, with the removal of the continuum, it is possible to evidence this depth without the interference of the typical concave shape in soil spectra, as well as to normalize any variation found in the measurements. Based on this assumption, a spectral index was proposed from the depth of the spectral features and called RHGt PF , or hematite / (hematite + goethite) by feature depth, which was obtained in a continuumremoved spectra, whose development is detailed in Figure 2 . As noted by Baptista (2012) , in continuumremoved spectra, the feature depth can be determined by means of 1 minus the reflectance value in the spectral feature. Therefore, the RHGt PF index is defined by: RHGt PF = IHm /(IHm + IGt), in which: IHm, or hematite content proportional index, is given by 1 minus the 0.53 μm reflectance value; and IGt, or goethite content proportional index, is expressed as 1 minus the 0.48 μm reflectance value. Both indices are obtained in continuum-removed spectra.
The values obtained by means of the RHGt PF index for the Madeira Netto (1993) spectra were statistically compared with the mineralogical relation Hm/(Hm+Gt) obtained by means of the percentages of each mineral. The index proposed here was also compared with the relation of hematite and goethite obtained by means of the Munsell chart chromatic values, developed by Santana (1984) , here called RHGt Munsell . The data normality was tested using the Shapiro-Wilk method (n=50); the Pearson correlation coefficient (r) was adjusted for parametric data and the Kendall's tau (τ), for the nonparametric data. The similarity between the results of both indices, and the mineralogical relationships obtained by the percentages, as well as the Munsell chart chromatic values, were verified by means of the Z-test for the parametric data, and by the the Mann-Whitney U-test for the nonparametric ones.
Results and Discussion
The ferric index results, obtained for both the simulated Landsat-TM5 [IFe(STM)] and WorldView-2 simulated [IFe(WVII)] bands (Table 3) , were calculated with the red (SWV5) and the green (SWV2) bands (Figure 3 A) , as well as with the yellow (SWV3) and green (SWV2) (Figure 3 B) bands.
The analyses show that, with the use of the yellow band (SWV3) in the ferric index, the correlation with IFe(TM5) degrades by only 2%, compared to the one obtained with the red band (SWV5). Even so, IFe obtained either with SWV3 or SWV5 are highly correlated with IFe(TM5). The Pearson correlation was had a very strong result for the two bands with the IFe(TM5); however, with the red band (r = 0.99), it was somewhat higher, compared to that obtained with the IFe calculated with the yellow band (r = 0.97).
In both ferric indices calculated with the WorldView-2 simulated bands, the means were different from those obtained by the index calculated from the Landsat-TM5 simulation data; therefore, when the parametric Z-test was calculated, as the samples were adjusted to normal, the null hypothesis was rejected, despite the high correlation between data. As these indices are proportional, when the linear regression was performed with the mineralogical data, the values of the relation could be attributed by the adjusted model.
The hematite index -IHm (WVII) calculated with the red (SWV5), blue (SWV2), and green (SWV3) bands (Figure 4 A) , as well as with that of the yellow (SWV3) in place of red band (Figure 4 B) were compared with IHm (STM) ( Table 4) .
However, unlike the IFe, the normality adjustment of IHm data rejected the null hypothesis; therefore, the analyses were based on nonparametric tests. The Kendall correlation coefficient was also high, but the IHm obtained with the red band showed a greater result (τ = 0.87), in comparison to that obtained with the yellow band (τ = 0.76).
The results with the two indexes proposed by Madeira Netto (1993) showed that the relation shows a very good response when calculated with the yellow band; however, such relation is lower than the obtained with the indices calculated with the red band, which was the original proposition of Madeira Netto (1993) . This can be attributed to the fact that, in the analysis of the mineralogical relations evaluated by means of sensor systems, imagers or not, the proportionality between the contents is related to spectral feature depths (Baptista et al., 2011) and not to reflectance peaks.
The spectral features that best separate these iron oxides occur for goethite at 0.48 μm, in the blue region, and for hematite at 0.53 μm at green region (Figure 1 A) . The band presence that captures the reflection in the yellow region allows of a better visualization of the soil hue, and it does not generate a significant increase in its identification. This can be confirmed by study of Balena et al. (2011) , who compared data obtained with a portable field spectroradiometer, by covering the visible band with other methods of analysis of electron paramagnetic resonance (EPR) and diffuse reflectance in ultraviolet-visible (DRUV-VIS) spectroscopy of intensely weathered soils which are rich in iron oxides. These authors also observed two distinguishing features of iron oxides, more specifically goethite and hematite, centered at 0.485 and 0.532 μm. Several studies on the identification of mineralogical relationships obtained by spectral indices report good statistical results, as well as those observed in the present work with the WorldView-2 data. Alves et al. (2015) performed a conventional pedological mapping and, later on, using the classes found and the spectral data and images of Landsat-TM5, they obtained 79% accuracy by the estimation of iron oxides. Bahia et al. (2015) estimated the hematite and goethite content of Oxisols in São Paulo state, Brazil, and found 99 and 79% accuracy, respectively, using X-ray diffractometry and diffuse spectral reflectance. Cezar et al. (2013) found the determination coefficient of 0.99 between the synthetic hematite content and their reflectance factor.
Other authors have verified mineralogical relationships between iron oxides and isolated bands. Demattê et al. (2004) also observed the relationships between soil mineralogical components and the Landsat-TM sensor isolated bands; they also found negative correlations between iron oxides and the first three bands of the visible region (r = -0.71, -0.69, and -0.64 for bands 1, 2, and 3, respectively). Nanni & Demattê (2006) determined a coefficient of 0.88 by multiple regression with the bands of the visible Landsat TM-5.
As to hyperspectral data, the study by Baptista et al. (2011) stands out for showing a linear regression of the kaolinite/(kaolinite+gibbsite) mineralogical relationships, which was achieved by both the AVIRIS sensor data and the thermogravimetric data obtained in the laboratory with 0.75 determination coefficient.
The RHGt PF index, that is based on the mineral absorption features depth measured on continuumremoved spectra, was resampled for the WorldView-2 bands, which enabled the analisys of hematite and goethite as distinct features due to the new coastal blue and yellow bands.
When RHGt PF index was applied to the 50 resampled spectra and compared with the Hm/(Hm+Gt) ratio obtained by chemical analysis, as well as by the ratio between the chromatic components of Munsell soil chart (Table 5) , they did not adjust to normality by means of the Shapiro-Wilk test. For this reason, nonparametric tests were used for the correlation analysis, as well as for the hypothesis tests.
The Kendall coefficient (τ) was 0.40 for the relation between RHGt PF and Hm/(Hm+Gt), and 0.38 for the relationship between RHGt PF and RHGt Munsell . The Vivaldi et al. (2013) , in the MannWhitney´s U-test, the calculated values allow to estimate the relationships between data of the two sample spaces after the rank. In the relationships between RHGt PF and RHGt Munsell , the greater separation between data, when they grouped, indicates that the samples are distinct, which led to the rejection of the hypothesis of the equality of the medians.
The results of the RHGt PF index showed a regular positive correlation both with Hm/(Hm+Gt) and with RHGt Munsell , which was also verified in other studies using remote sensing data. Almeida et al. (2016) have not obtained good results too, when comparing the RHGt Munsell with the RHGt scale , proposed by Baptista (2001) , and obtained from the use of the spectral feature fitting algorithm on Hyperion sensor data. This fact can be attributed to the oscillation that the RHGt Munsell showed in a transect starting from a predominantly goethitic soil towards a hematitic soil, and it may probably be related to the observer's accuracy in determining Munsell's chromatic components. As noted above, the quantification of the Hm/(Hm+Gt) ratio depends on mineral absorption features, and the Munsell´s color ratio is derived from its reflectance, that is, the way the color is observed by the human eye. Botelho et al. (2006) compared the Munsell's soil chart components, hue, value, and chroma, and the colorimeter found respectively 0.93, 0.97 and 0.94 as determination coefficients. Campos et al. (2010) analyzed the red index based on the Munsell's system, as hematite content, and observed a high-determination coefficient (R 2 = 0.76). These authors also used the CIE (International Commission on Illumination) component system, and when comparing the hematite content, they found a R 2 of 0.96. Fernandes et al. (2004) studied three relationships between the hematite content and the red index, described by Torrent et al. (1980) , and the red factor described by Santana (1984) , and observed R 2 of 0.79, 0.86 and 0.86, respectively. These two indices are related to the hematite content, that is, only with the red color.
When the Mann-Whitney test rejects the hypothesis of the equality of medians, it indicates that the samples are distinct and have different medians, generating a result of these comparative relations that is considered inadequate (Vivaldi et al., 2013) . However, it is important to note that remote sensing data are intended to generate digital data similar to that observed by human eyes (Vivaldi et al., 2013) . As the RHGt Munsell relation is based on the chromatic components of the soil, according to Vivaldi et al. (2013) , the visual analysis has a predominance over the results of the statistical analysis.
Conclusions
1. The WorldView-2 multispectral data enable the detection of hematite and goethite iron oxides, both by ferric and hematite indices.
2. The implementation of the new coastal blue and yellow bands allows the separation of spectral features of goethite, centered at 0.48 μm, and hematite, at 0.53 μm; such a separation was impossible before, with other multispectral data.
3. The proposition of the RHGt PF spectral index based on the spectral feature depth makes it possible to discretize the hematite/goethite ratio in the reflectance spectra.
